Looping Combustion (CLC) technology that allows the combustion of solid fuels as in 11 common combustion with air, by means of using oxygen-carriers that release gaseous 12 oxygen in the fuel-reactor. The aim of this work is to study the behavior of the sulphur 13 present in the fuel during CLOU combustion. Experiments using lignite as fuel were carried 14 out in a continuously operated 1.5 kW th CLOU unit during more than 15 h of operation. 15
Introduction

35
Chemical-Looping with Oxygen Uncoupling (CLOU) process is a Chemical-Looping 36
Combustion (CLC) technology that allows the combustion of solid fuels with inherent CO 2 37 separation using oxygen-carriers. The CLOU technology may be especially suitable for solid 38 fuels, such as coal, petroleum coke or biomass. The CLOU technology takes advantage of 39 the property of some metal oxides which can generate gaseous oxygen at high 40 temperatures. The oxygen generated by the oxygen-carrier reacts directly with the solid fuel, 41 which is mixed with the oxygen-carrier in the fuel-reactor. The oxygen-carriers for CLOU 42 must have the ability to react both with oxygen in the air-reactor and then also to release this 43 oxygen through decomposition in the fuel-reactor. Three such metal oxide systems have 44 suitable properties to be used as oxygen-carriers in the CLOU process: CuO/Cu 2 O, 45
Mn 2 O 3 /Mn 3 O 4 , and Co 3 O 4 /CoO [1] . 46 An analysis about the suitability of different Cu-based materials was carried out previously at 47
The fuel-reactor consists of a bubbling fluidized bed with 5 cm of inner diameter and 20 cm 105 bed height. N 2 is used as fluidizing gas, the gas flow was 186 L N h, corresponding to a gas 106 velocity of 0.11 m/s at 900 ºC. The minimum fluidizing velocities of the oxygen carrier 107 particles are 0.006 m/s for the smallest particle size and 0.023 m/s for the biggest one. Coal 108 is fed by a screw feeder at the bottom of the bed right above the fuel-reactor distributor plate 109 in order to maximize the time that the fuel and volatile matter are in contact with the bed 110 material. 111
The oxidation of the carrier takes place in the air-reactor, consisting of a bubbling fluidized 112 bed with 8 cm of inner diameter and 10 cm bed height, and followed by a riser, the air flow 113 was 1740 L N /h (u g = 0.40 m/s). In addition, a secondary air flow (240 L N /h) was introduced at 114 the top of the bubbling bed to help particle entrainment through a riser. The total oxygen 115 carrier inventory in the system was around 2.0 kg, being about 0.5-0.6 kg in the fuel reactor. 116
The amount of solids in the fuel reactor was calculated from pressure drop measurements in 117 the reactor for each test. Detailed information about the plant and the experimental 118 conditions can be found in [4, 5] . 119 CO, CO 2 , H 2 , CH 4 , SO 2 , and O 2 were continuously analyzed in the outlet stream from fuel-120 reactor, whereas CO 2 , CO, SO 2 and O 2 were continuously analyzed from the flue gases of 121 the air-reactor by means of an infrared, paramagnetic and conductivity analyzers. H 2 S was 122 analyzed by GC. 123
To determine the effect of S on the behavior of the oxygen-carrier, several tests under 124 continuous operation were carried out. The fuel-reactor temperature was varied from 900 ºC 125 to 935 ºC. The temperature in the air-reactor was maintained at around 900 ºC in all 126 experiments. The solids circulation rate was maintained at a mean value of 3 kg/h, whereas 127 the coal feeding rate was 0.12 kg/h which corresponds to an oxygen-carrier to fuel ratio, ϕ, of 128
129
To analyze the performance of the CLOU process, the combustion efficiency in the fuel 130 reactor and the carbon capture efficiency are also calculated. Calculations are based on themolar flow of every gas analyzed, F i which is determined from the measured concentration. 132
Mass balances are checked and a closing about 98% are found for the carbon balance in all 133 cases. 134
The combustion efficiency in the fuel-reactor is calculated through the ratio between the 135 oxygen required to fully burn unconverted gases (CH 4 , CO and H 2 ) at the fuel reactor exit 136 and the oxygen demanded by coal converted in the fuel-reactor. Thus, the oxygen 137 demanded by the carbon bypassed to the air reactor, 
The carbon capture efficiency, CC h , is defined as the fraction of carbon initially present in the 142 coal fed in which is actually at the outlet of fuel-reactor. This is the actual CO 2 captured in the 143 CLOU system; the rest is exiting together nitrogen in the air-reactor outlet. 144 2 2 4 2 CO ,outAR CC CO ,outFR CO,outFR CH ,outFR CO ,outAR
A mass balance to sulphur can be done as: 146
With the molar flow of SO 2 exiting from the air-reactor and the total volume gas flow, the 148 concentration of SO 2 as mg/Nm 3 is calculated and normalized. In the EU legislation [11], the 149 SO 2 concentration must be normalized using a 6 % of O 2 in the exit stream for power plants, 150 which contains 15 % of CO 2 . 151
Batch fluidized-bed reactor 152
A batch fluidized bed reactor is used to deeply analyze the sulphur evolution with time during 153 coal combustion. The experimental work is carried out in a setup consisting of a fluidized-bedreactor, a system for gas feeding, a solid fuel feeding system, and the gas analysis system. 155
The reactor -55 mm inner diameter and 700 mm height-is electrically heated by a furnace, 156 and had a preheating zone just under the distributor plate [12] . 157 A batch of 20 g of fuel was burnt in the batch fluidized bed reactor using a sand bed with a 158 particle size of +200-300 m . The total fluidizing flow was 200 L N /h, which corresponds to a 159 gas velocity of 0.1 m/s at the reactor temperature, which is 3 times the minimum fluidization 160 velocity of largest sand particles. The bed was heated in N 2 until 925 ºC. The volatile 161 products were burnt in an after burner reactor using a 7 % of O 2 concentration. At 925 ºC the 162 char combustion was carried out using a 2.5% of O 2 . Relatively low O 2 concentration was 163 used to simulate fuel reactor conditions in the CLOU unit, where there is much lower O 2 164 concentration than a typical air-fired combustor. The SO 2 , CO 2 and CO gas concentrations 165 were continuously measured. 166
167
Results
168
Combustion behaviour 169
During 15 h of combustion operation no CH 4 , CO, H 2 S or H 2 were detected in the gases 170 exiting from the fuel-reactor. The possible presence of tars or light hydrocarbons was also 171 analyzed. For one experiment with conditions kept constant for more than two hours, tar 172 measurements in the fuel-reactor were done using a tar protocol [13, 14] . The results showed 173 that there were not tars in the fuel-reactor outlet flow, that is, no hydrocarbons heavier than 174 C 5 . Thus, CO 2 , H 2 O, SO 2 and O 2 were the main gases, together the N 2 introduced as 175 fluidizing gas, exiting the fuel-reactor. Therefore, volatiles were fully converted into CO 2 and 176 H 2 O in the fuel-reactor by reaction with the oxygen released from the CuO decomposition. In 177 addition, the oxygen release rate was high enough to supply an excess of gaseous oxygen 178 (O 2 ) exiting together with the combustion gases at equilibrium concentration at each 179 temperature, being the oxygen concentration at equilibrium conditions 1.7% at 910 ºC, 2.4% 180 at 925 ºC, 3.0% at 935 ºC. To analyze whether sulphur is concentrated in the char, a detailed study of the S release 212 during char combustion was carried out in the batch fluidized bed reactor installation. Fig 5  213 shows the profiles of C and SO 2 gas concentration at the outlet of the batch reactor, during 214 the pyrolisis and followed by combustion of the generated char. The mass balance of the 215 exiting gases indicates that the 43.1 wt.% of the sulphur exit from the devolatilization and the 216 56.9 wt.% during the char combustion. On one hand, it can be seen that during 217 devolatilization, the sulphur and the carbon in volatiles are evolved at the same rate. 218
However, S and C profiles are different during char combustion. During char combustion, the 219 SO 2 generation rate is maximum when almost all the C in the char had been burnt. At this 220 time, S/C ratio in char increases by a factor of 10 with respect to the S/C ratio measured in 221 the char analysis. This behavior could be explained due to the high pyritic sulphur (2 wt.%) 222 present in this lignite. At a low O 2 concentration environment, as it is the case in the CLOU 223 process, there is a competition for oxygen between the carbon and the pyritic sulphur. As a 224 consequence, carbon combustion is favored over pyrite oxidation [15] . These results show 225 that the pyritic S present in the fuel can affect the S emissions of the air-reactor of a CLOU 226 system. Thus S/C in char passing to the air reactor is higher than that in nascent char, and 227 sulphur emissions from the air reactor are higher than expected. This S concentration in the 228 fines recovered in the different filters of the plant has been taken into account in the global S 229 balance. The analysis done to the fines recollected shows that the S/C ratio changes from 230 0.09 (nascent char) to 1 in the unburnt char exiting the fuel reactor, due to the presence of 231 pyritic sulphur. 232 Fig. 6 shows the splitting of the total sulphur in the continuous plant between gas and solids 233 streams. A major S emission comes from to fuel-reactor stream as SO 2 . The S balance in the 234 fuel-and air-reactor gas outlet closes at  50-55 wt.%. It must be pointed out that fines 235 recovered in filters from fuel-, and air-reactor were concentrated in S. Increasing the fuel-reactor temperature can increase the char conversion and the oxidation of 267 the pyritic sulphur, but temperature restrictions up to 950 ºC in the fuel-reactor can be 268 assumed, to avoid high O 2 concentration at fuel reactor outlet. 269
In a previous work [5] , an optimization of the CLOU process using a carbon separation 270 system was carried out to maximize the CO 2 capture efficiency using the minimum solid 271 inventory. A similar analysis can be now carried out to evaluate the effect of the use of a 272 carbon separation system in the CLOU process regarding SO 2 emissions in the air-reactor. 273
The sulphur emissions in the air-reactor directly depend on the sulphur content in char 274 particles to the air reactor. A carbon separation system can be used to improve the char 275 conversion in the fuel reactor. This system allows the separation of char and oxygen-carrier 276 particles by entrainment. In this way, the char is transported back to the fuel reactor to 277 improve the char conversion, whereas the oxygen carrier particles are sent to the air reactor. 278 So, at the same time that the carbon flow to the air reactor is reduced, also the SO 2 279 emissions in the air-reactor are reduced. 280
Considering a carbon separation system, char conversion can be calculated as a function of 281 the carbon separation system efficiency as follows [17] : 282 be seen in Fig. 8(a) , if the carbon separation system efficiency ( CCS ) is given, the SO 2 302 emission decreases when the oxygen carrier inventory increases due to the increase of the 303 residence time of solids in the fuel reactor. For the same reason, if  CCS increases more char 304 returns to the fuel reactor increasing its residence time. As a consequence, the SO 2 emission 305 decreases with  CCS . The effect of the carbon separation system is very high especially at the 306 lowest temperatures and lowest oxygen carrier inventories in the fuel reactor. 307
Predictions considering different fuels have been done in a similar way. A medium volatile 308 bituminous coal (MVB) with 0.9 wt.% of S and an anthracite with 1.3 wt.% of S were 309 evaluated. In a previous work [5] , the rates of char combustion of these coals were 310 determined in the CLOU unit. At 925 ºC the char conversion rate was 3.3 %/s for MVB and 311 0.4 %/s for the anthracite. 312 Fig. 9(a) and (b) show the SO 2 emission as a function of the fuel reactor inventory for these 313 coals (lignite, anthracite and MVB) at 930 ºC when a carbon separation system is considered 314 (90%) or not (0%). In Fig 9(a) it can be seen that coals with high reactivity and low sulphurcontent, e.g. MVB, would fulfil the legislation without a carbon separation system using low 316 solid inventories. On the other hand, for coals with very high sulphur content (lignite) or low 317 reactivity (Anthracite) a carbon separation system is necessary to fulfil the legislation limit 318 with low inventories in the fuel-reactor. 319
These results were obtained assuming that the ratio S/C ratio in the char was constant 320 during all the combustion period. As it was shown in this work, the presence of pyritic sulphur 321 in the char affected the SO 2 emissions in the air-reactor. Therefore, coals with high pyritic 322 sulphur content must increase the oxygen-carrier inventories in the fuel-reactor with respect 323 of those shown in Fig. 8 and 9 , to increase the residence time in the fuel-reactor in order to 324 fully burn the pyritic sulphur. 325
326
Conclusions
327
In this work, 15 h of continuous operation in a CLOU unit was carried out with a high sulphur 328 lignite (5.2 wt.% S) using a Cu-based oxygen-carrier. Complete combustion to CO 2 and H 2 O 329 was obtained and high carbon capture efficiency (96% at 935 ºC) was reached. The majority 330 of sulphur present in the coal was released as SO 2 in the fuel-reactor. Only a small fraction is 331 transferred to the air-reactor and emitted, although emissions higher than 200 mg/Nm 3 were 332 found. The emissions could be due to a not uniform S release during char combustion, due 333 to the presence of pyritic suplhur in this coal (2 wt.%). 334
The oxygen-carrier particles never showed agglomeration problems. In addition, the oxygen-335 carrier reactivity remained constant. 336
The use of a carbon separation system to fulfill the SO 2 legislation limit was evaluated with 337 different coals. It was found that the carbon separation system is not necessary with coals 338 with high reactivity and low sulphur contents. The use of a high efficiency carbon separation 339 system (η eff = 90%), would allow compliance with the SO 2 legislation requirements even for 340 coal with high sulphur contents (lignite) or low reactivity (anthracite). 
